Laboratory studies involving repeated exposure to paraquat (PQ) in different animal models can induce many of the pathological features of Parkinson's disease (PD), such as the loss of dopaminergic neurons in the nigrostriatal dopamine system. Epidemiological studies identify an increased risk of developing PD in human populations living in areas where PQ exposure is likely to occur and among workers lacking appropriate protective equipment. The mechanisms involved in developing PD may not be due to any single cause, but rather a multifactorial situation may exist where PQ exposure may cause PD in some circumstances. Multifactorial theory is adopted into this review that includes a number of sub-cellular mechanisms to explain the pathogenesis of PD. The theory is placed into an environmental context of chronic low-dose exposure to PQ that consequently acts as an oxidative stress inducer. Oxidative stress and the metabolic processes of PQ-inducing excitotoxicity, α-synuclein aggregate formation, autophagy, alteration of dopamine catabolism, and inactivation of tyrosine hydroxylase are positioned as causes for the loss of dopaminergic cells. The environmental context and biochemistry of PQ in soils, water, and organisms is also reviewed to identify potential routes that can lead to chronic rates of low-dose exposure that would replicate the type of response that is observed in animal models, epidemiological studies, and other types of laboratory investigations involving PQ exposure. The purpose of this review is to synthesize key relations and summarize hypotheses linking PD to PQ exposure by using the multifactorial approach. Recommendations are given to integrate laboratory methods to the environmental context as a means to improve on experimental design. The multifactorial approach is necessary for conducting valid tests of causal relations, for understanding of potential relations between PD and PQ exposure, and may prevent further delay in solving what has proven to be an evasive etiological problem. Parkinson's disease (PD) is a neurodegenerative disorder caused by progressive and substantial loss of dopaminergic neurons with accompanying gliosis in the substantia nigra. There are a number of disorders that share some of the same clinical features as PD; the clinical syndrome is called parkinsonism. 1 Confirmed cases of PD require corroboration between clinical (ie, resting tremor, bradykinesia, rigidity, and asymmetric onset) and neural-pathological tests. The neuralpathological tests must include the presence of Lewy bodies (LBs) (ubiquitin-and α-synuclein-positive cytoplasmic inclusions primarily in the surviving neurons) and depigmentation of the locus ceruleus. 2, 3 The prevalence of PD increases most notably with age, but there is also high risk for carriers of certain genetic mutations; some mutations, such as a triplication in the α-synuclein gene, 4 can even cause PD. The etiology of PD remains elusive and sporadic in many circumstances. However, several important contributing factors have been identified at the sub-cellular level in cases of idiopathic PD, including the excess production of reactive oxygen species (ROS). 5 Pesticides exposure is implicated as a potential cause in idiopathic PD as exposure into the body leads to biochemical competion within the electron transport chain of the mitochondria and the generation of ROS. Mitochondria are a major source of ROS where 2-4% of electrons escape under normal conditions, but can increase under stress (such as PQ exposure) or in states of disease. A feedback loop forms as mitochondrial dysfunction is in itself linked to oxidative stress. 6 The purpose of this review is to make inference on a number of testable hypotheses into the etiology of idiopathic
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Laboratory studies involving repeated exposure to paraquat (PQ) in different animal models can induce many of the pathological features of Parkinson's disease (PD), such as the loss of dopaminergic neurons in the nigrostriatal dopamine system. Epidemiological studies identify an increased risk of developing PD in human populations living in areas where PQ exposure is likely to occur and among workers lacking appropriate protective equipment. The mechanisms involved in developing PD may not be due to any single cause, but rather a multifactorial situation may exist where PQ exposure may cause PD in some circumstances. Multifactorial theory is adopted into this review that includes a number of sub-cellular mechanisms to explain the pathogenesis of PD. The theory is placed into an environmental context of chronic low-dose exposure to PQ that consequently acts as an oxidative stress inducer. Oxidative stress and the metabolic processes of PQ-inducing excitotoxicity, α-synuclein aggregate formation, autophagy, alteration of dopamine catabolism, and inactivation of tyrosine hydroxylase are positioned as causes for the loss of dopaminergic cells. The environmental context and biochemistry of PQ in soils, water, and organisms is also reviewed to identify potential routes that can lead to chronic rates of low-dose exposure that would replicate the type of response that is observed in animal models, epidemiological studies, and other types of laboratory investigations involving PQ exposure. The purpose of this review is to synthesize key relations and summarize hypotheses linking PD to PQ exposure by using the multifactorial approach. Recommendations are given to integrate laboratory methods to the environmental context as a means to improve on experimental design. The multifactorial approach is necessary for conducting valid tests of causal relations, for understanding of potential relations between PD and PQ exposure, and may prevent further delay in solving what has proven to be an evasive etiological problem. Parkinson's disease (PD) is a neurodegenerative disorder caused by progressive and substantial loss of dopaminergic neurons with accompanying gliosis in the substantia nigra. There are a number of disorders that share some of the same clinical features as PD; the clinical syndrome is called parkinsonism. 1 Confirmed cases of PD require corroboration between clinical (ie, resting tremor, bradykinesia, rigidity, and asymmetric onset) and neural-pathological tests. The neuralpathological tests must include the presence of Lewy bodies (LBs) (ubiquitin-and α-synuclein-positive cytoplasmic inclusions primarily in the surviving neurons) and depigmentation of the locus ceruleus. 2, 3 The prevalence of PD increases most notably with age, but there is also high risk for carriers of certain genetic mutations; some mutations, such as a triplication in the α-synuclein gene, 4 can even cause PD. The etiology of PD remains elusive and sporadic in many circumstances. However, several important contributing factors have been identified at the sub-cellular level in cases of idiopathic PD, including the excess production of reactive oxygen species (ROS). 5 Pesticides exposure is implicated as a potential cause in idiopathic PD as exposure into the body leads to biochemical competion within the electron transport chain of the mitochondria and the generation of ROS. Mitochondria are a major source of ROS where 2-4% of electrons escape under normal conditions, but can increase under stress (such as PQ exposure) or in states of disease. A feedback loop forms as mitochondrial dysfunction is in itself linked to oxidative stress. 6 The purpose of this review is to make inference on a number of testable hypotheses into the etiology of idiopathic PD having specific relation to the neurotoxicity and pathogenesis of paraquat (PQ). A large number of epidemiological studies have identified a correlative link between PD and pesticides exposure. Three highly utilized agricultural pesticides: 1. PQ, 2. rotenone, and 3. maneb are the key members implicated with risk and incidence of PD. The idiopathic nature of PD makes the relationship between pesticide exposure, risk, and increase of incidence difficult to interpret despite supporting evidence for the linkage in the statistical meta-analysis of 59 separate studies. There is a doubled risk of developing PD among individuals who have been exposed to pesticides. 7 However, cross-study results are somewhat inconsistent, which leaves a degree of uncertainty in the divide between correlation and causation. New research continues to find such correlative links, but the multifactorial etiology leaves causation open to investigation. We propose that the inconsistency is due to and an expected outcome of a multiple causal problem.
Since the discovery of PQ in 1955 (ref. 8 ) its use and applications has extended into agriculture and in other applications, such as preventing the spread of invasive aquatic weeds in different kinds of aquatic systems. PQ (N,N′-dimethyl-4,4′-bipyridinium dichloride) is a bipyridyl non-selective contact herbicide and is commonly implicated with the rise and incidence of PD. PQ caught the attention of many researchers because its molecular structure is similar to the neurotoxin 1-methyl-4-phenylpyridinium ion (MPP + ), the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Figure 1 ). An acute and permanent parkinsonian state occurs in drug users who intravenously injected preparations of MPTP. Although PQ causes nigrostriatal damage, its effects are different from those of MPTP. 9 Furthermore, there is a structural similarity between the two molecules. This is not to be used as a basis to draw inference (induction or deduction) on related cause, because there are fundamental differences in the biochemistry of these molecules. Nonetheless, the biochemical similarity to MPTP sparked interest in the topic and lead to a number of hypotheses being adduced that guided consequent research. The analogy between the two molecules has undoubtedly had an important role in the research. The analogy has motivated inference of a number of hypotheses (abduction) that turned out to be true. Thus analogy with MPTP can be used to adduce new hypotheses provided that the differences are explicitly noted. A key difference between MPP + and PQ
2+
(native divalent cation of PQ) is charge difference, but PQ + (mono-cation radical of PQ) is very similar to MPP + . 6 Our review is broad in scope as we collate evidence of PQ exposure in relation to PD from biochemical pathways, environmental chemistry, and ecotoxicological investigations. There are necessary environmental conditions that must be met if the etiology of PD is caused by PQ exposure. The environmental context is reviewed to determine whether PQ exposure leading to PD is possible in light of (1) the durability, activity, and breakdown of PQ; (2) exposure conditions, and (3) other applicable research into PQ that relates back to environmental health and ecotoxicology that may have bearing on PD. As such, our hypotheses are framed by understanding PD as a multifactorial system of causes; to claim that an effect is caused by a factor or multiple factors means that the cause-effect relation(s) can be explained by adequate or strong inference. 10, 11 This review shows that the relation of PQ causing PD is an entangled problem in a network of complex causation involving biochemical and physiological pathways of PQ that afflicts sub-cellular systems where risk, susceptibility, and expression of the disease is predicated upon the genotype and environment.
PART I: LABORATORY CONTEXT Animal Models Chronic exposure to PQ is suspected to cause neurodegeneration in humans and has been experimentally tested in a large number of animal studies. 12 It is unclear if laboratory-based investigations of PQ and PD associations using animal models have reproduced all clinical and pathological features of human PD. Jackson-Lewis et al. 13 reviewed animal models of PD, including some of the aspects of PQ exposure in rodents. The authors note that laboratory-based administration of PQ can induce 'reduced motor activity and a dose-dependent loss of (tyrosine hydroxylase; TH)-positive striatal fibers and (substantia nigra pars compacta) SNpc neurons' (p. S184); the nigrostriatal (dopamine) system seems to be unaffected in the laboratory animal studies 13 that were reviewed. However, Jackson-Lewis 13 exclude results from Yin et al. 14 who used different genetic strains of mice in their PQ exposure trials, which resulted in increased levels of iron and different gene expression in the ventral midbrain and a loss in dopaminergic neurons in the SNpc. Similarly, Shimizu et al. 15 found that constant exposure to low levels of PQ affected dopaminergic neurons in the nigrostriatal system of rats. More recently, Pangestiningsigh et al. 16 report a decrease in the density of catecholaminergic neurons in the SNpc using histochemical preparations from rats subjected to intraperitoneal injection of PQ (15 mg/kg) over a 6-week period. 16 Laboratory investigation into animal models of PD clearly implicates PQ as a dopamine neurotoxin via chronic low-level exposure. For example, intraperitoneal injection of 10 mg/kg PQ in mice injected at varied intervals for up to 3 weeks cause decreased or altered locomotor activity in conjunction with a number of physiological symptoms occurring in a dose-dependent manner, including significant decline in dopamine levels within the striatum, loss of dopaminergic neurons, degeneration of the nigrostriatal dopamine system, Multifactorial mechanisms of PQ-induced PD X Zhang et al aggregate formation in the SNpc containing α-synuclein, and formation of LBs. [17] [18] [19] Questions and concerns are commonly raised about extrapolation from experimental animal models to make inferences about the human condition. The clinical and pathological features for PD is reproduced in some animal model studies depending on what genetic strain is being used and other parameters in the experimental design, such as exposure rates, concentrations, and the precision of the methods (eg, gene expression panels, histology, staining, etc.) that is used to measure response effects. What is experimentally measured is also important. The brain is particularly sensitive to oxidative stress and there is a particularly high concentration of iron in the substantia nigra that may make it even more susceptible to free-radical damage. 20 For example, Yin et al. 14 measured iron concentrations in the midbrain of susceptible mice strains, which increased neurotoxicity risk via oxidative stress. The iron accumulation has a role in α-synuclein protofibril formation and exacerbates a number of neurological effects that models PD neural degeneration symptoms after exposure to the PQ. Some researchers have questioned the level of risk implicating PQ with PD to suggest that animal models are inconclusive in reference to the human condition of PD. [21] [22] Dauer and Przedborski 23 make an additional claim that only non-human primates could accurately mimic the motor symptoms of PD. However, these views are presented under a views are presented under a unifactorial approach to epidemiology. Applying a simple hypothesis to a multifactorial problem delays progress in understanding the etiology and development of applicable tests; for example, this type of approach significantly delayed understanding the etiology of atherosclerosis. 10 The Comparative Approach McWhite et al. 24 provide a recent review on the comparative approach and its application to human disease research, including advances in technique that can be used to elucidate and understand PQ neurotoxicity. The multifactorial approach is complementary to the comparative approach. The inability to fully express all features of human PD in animal models is an expectation of the multifactorial and comparative approach. Variations of expression are a consequence of evolutionary divergence and environmental context. Noted variations and difference in response can assist in the elucidation of physiological sub-cellular mechanics that may be involved. Including different and diverse species in experimentation is not only relevant to PQ and PD relations, but broadening the research to include a larger myriad of species via the comparative evolutionary approach has proven more effective in elucidating our understanding of life sciences generally with proven applications to human health. There are structural analogs and homologs that make the comparative approach applicable to such experimentation. For example, there may be structural analogies in insects, such as tight and pleated-sheet septate junctions between neurons, glial, and perineural cells that might have a similar function to the blood-brain barrier (BBB) in mammals. 25 The comparative approach increases the potential for developing innovative experimental design and understanding of PQ biochemistry in vitro. This knowledge also extends to environmental health more generally, which is the approach taken herein as we first review hypotheses involving molecular pathways that have been elucidated from comparative studies and consider the implications of these in a broader environmental context.
PQ Induces Oxidative Stress and Inhibits Mitochondrial Complex I Activity
The metabolic activity of mitochondrial complex I (also named as NAD(P)H dehydrogenase) decreases in the substantia nigra of patients who developed PD through accidental exposure to MPTP. A specific defect in complex I activity was identified in patients who died with idiopathic PD, which is reproduced in laboratory studies of animals administered MPTP. 26, 27 We adduce that PQ neurotoxicity similarly lowers activity of mitochondrial complex I in the substantia nigra. This inference is supported by the experimental evidence that reveals PQ cytotoxicity acts directly on mitochondrial complex I to induce mitochondrial cytopathy. 28 Mitochondrial complex I oxidizes NAD(P)H to NAD(P) + by transferring electrons to ubiquinone in the electron transport chain. The presence of PQ 2+ disrupts the oxidation of NAD(P) H by accepting electrons to form PQ + through NAD(P)Hcytochrome P450 reductase, which ultimately inhibits the natural function of complex I ( Figure 3 ). PQ + spontaneously accepts an electron from the reductant, reacts with oxygen, and generates the superoxide radical (O 2 ). [29] [30] These ROS are generated from PQ competing for electrons in the cellular-based redox cycle, which changes the redox environment, causes mitochondrial dysfunction (such as mitochondrial depolarization), and leads to the consequent apoptosis of dopaminergic cells in a stepwise manner. This process is hypothesized to cause the onset of PD ( Figure 2 ).
The overexpression of manganese superoxide dismutase, a mitochondrial antioxidant enzyme located in the mitochondrial matrix, markedly reduces the level of oxidative stress and cell death, but does not prevent the loss of the mitochondrial membrane potential. 31 This demonstrates that PQ-induced toxicity is related to mitochondrial superoxide. We do not describe in detail how PQ induces apoptosis of neurons, because the intrinsic apoptotic pathway of PQ-induced apoptosis is the same for most toxicants as reported. The inference is supported by the evidence that PQ induces an increase in ROS and oxidative stress in both the cytosol and mitochondrial matrix of dopaminergic cells prior to cell death. 31 Several recent studies have identified a lack of complex I inhibition following PQ exposure, suggesting that complex I might not be the essential target. However, the potential for PQ-induced dopaminergic neurons death remains. Moreover, PQ can induce neurotoxic effect without complex I inhibition. 32, 33 It is known that PQ-induced decrease of complex I activity precedes respiratory dysfunction in the brain. Complex I activity decreases significantly in rat brains 2 h after PQ administration. 34 Furthermore, PQ leads to the production of ROS within the complex III electron transport chain, which has been elucidated in the Drosophila model system. 35, 36 Cytochrome P450 enzymes and their isoforms metabolize and can inactivate neurotoxic compounds in the brain. Cytochrome P450 enzyme may have an important role in the bioactivation of PQ, but a comprehensive understanding into this relationship is lacking except to note that genetic variants of the P450 enzymes show different levels of susceptibility developing PD. 37 Cytochrome P450 reductase is a diaphorase enzyme that can transfer electrons from NAD(P)H to PQ. Cytochrome P450 enzyme concentrations are lower in the brain than in other tissues, but they are also localized in selective cell populations. 38 Other enzymes capable of initiating the metabolism of PQ, which are applicable to its oxidative stress, induced toxicity include nitric oxide synthase (NOS), thioredoxin reductase, and NADPH oxidase (NOX). 32, 39 PQ Activates NOS NOS participates in PQ-induced lung injury. 40 Similarly, there is the potential for PQ inducing the production of nitric oxide (NO) in the brain by inducing NOS activity. 41 Once NOS is activated, NO forms the toxic peroxynitrite anion (ONOO − ) in reaction with O 2 − (Figure 2 ). The process continues as ONOO − oxidizes proteins, lipids, and DNA, which damages their structure and function resulting in the apoptosis and/or cell death. Concurrently, ONOO − also inhibits the antioxidant activities of some enzymes, which in turn leads to the increase of O 2 − · and ONOO − . 42 In addition, PQ generated O 2 − · by NOS as an electron source at the expense of NO formation. 40 These findings add support to the hypothesis that increased extracellular dopamine release and/or death of the dopaminergic neurons could be inhibited by the inhibitors of NOS. 15 PQ Activated Microglial NADPH Oxidase 2 PQ increases ROS production in microglia by activating microglial NOX2, but this does not occur in neurons. Lower doses (0.5 μM and 1.0 μM) of PQ activates changes to the microglial morphology and significantly increases NOX2 expression, which results in dose-dependent O 2 − · production. 32, 43, 44 The depletion of microglia from neuron-glia cultures and genetic deletion of NOX2 blocks PQ-induced neurotoxicity. 43, 44 These results implicate microglial NOX2 as an essential factor mediating neurotoxicity triggered by PQ exposure. However, it is not known where PQ-induced O 2 − · is generated within the microglia that would result in the damage of surrounding neurons.
One hypothesis is that PQ could gain entry to microglia, presumably by active transport, to initiate the redox-cycling O 2 − · production. However, this contradicts the reports that PQ causes extracellular O 2 − · production from microglia. 32, 43 A second hypothesis holds that PQ remains extracellular relative to the microglia and could take the electron transferred across the membrane from NOX2 before it interacts with oxygen to produce extracellular O 2 − at more efficient and faster rates when compared with the NOX2 enzyme complex alone. 45 A third hypothesis is that PQ activates NOX2 through common intracellular signaling to cause the assembly of the entire NOX2 enzyme complex. This could serve as a base signal that would be amplified by the extracellular redox signaling proposed in the second hypothesis. 45 None of these hypotheses have been tested. Although it is clear that PQ converges on the final pathway of NOX2-mediated ROS production in microglia, the molecular mechanisms triggering NOX2 activation remain poorly understood.
PQ Contributes to Alterations in Energy Metabolism
PQ exposure induces alterations in the pentose phosphate pathway metabolome. The ensuing increase in metabolites, such as glucose-6-phosphate, fructose-6-phosphate, and glucono-1,5-lactone, leads to an increase in NADPHreducing equivalents and stimulates PQ redox cycling, oxidative stress, and cell death. PQ-induced alterations in energy metabolism could significantly contribute to dopaminergic cells death progression. 46 PQ Passes Through the BBB Some studies have concluded that PQ is an unlikely candidate for dopaminergic neurotoxicity owing to its low partition coefficient, limited absorption, and poor penetration across BBB. [47] [48] [49] However, the BBB is not entirely impenetrable and its state of function depends upon a number of factors, including depression that modulates glial cell line-derived neurotrophic factor, 50 viruses that can disrupt and cleave tight junctions, 51 and by several neurological disorders. 52 The brain's endothelial cells also have an increased density of mitochondria that can increase the risk of ROS formation. 53 Oxidative stress damaging the endothelial cells of the BBB increases its permeability. 52 Recent studies also report that PQ can cross the BBB in the mice and rats. 9 Kuter et al. 54 report increased ROS production in the brain after repeated low-dose PQ exposure in rats that 'can cause slowly progressing degenerative processes, without the toxic effects in the peripheral tissues' (p. 1121). Microglia also have important implications in PQ transport through their relations to the BBB. Rappold et al. 55 introduce a biochemical model involving microglia for uptake of PQ into dopaminergenic neurons. This process entails the reduction of PQ 2+ to PQ
•+ 'by enzymes, such as NOX on microglia'. Once in contact with the microglia, the cation PQ
•+ gains access to the dopamine transporter (DAT).
Other multifactorial vulnerabilities are likely to exist, such as increasing risk of permeability across the BBB via brain injury or genetic factors. For example, Bartels et al. 56 found elevated passage levels of [11C]-verapamil across the BBB in patients carrying a gene for reduced levels of P-glycoprotein, a molecular efflux pump. Although the effect of this gene has not been tested in relation to PQ permeability across the BBB, the implication is intriguing because experimental induction of P-glycoprotein synthesis leads to a decrease in the accumulation and consequent toxicity of PQ in the lungs. 57 Once PQ is able to pass the BBB, it is able to enter the neutral amino-acid transport system and subsequently transport into neuronal cells in a Na + -dependent manner where it persists in the midbrain with a half-life of~3 weeks in mice; the half-life of PQ in the mouse brain varies according to the strain. [58] [59] [60] PQ Induced Excitotoxicity Glutamate (Glu) is the most important excitatory neurotransmitter in CNS. Under normal conditions, pre-synaptic neurons release Glu into the synaptic cleft upon being stimulated. Astrocytes take up Glu through excitatory aminoacid transporters, where Glu is converted into nontoxic metabolite glutamine (Gln). 61 However, increased concentration of Glu in the synaptic cleft causes excitotoxicity. The excitotoxicity increases calcium influx and overload in the post-synaptic neurons, which leads to an increased production of ROS and ONOO − , mitochondrial dysfunction, continuous and long-lasting dopamine overflow, as well as cells apoptosis or death. 62 PQ may contribute to excitotoxicity by activating N-methyl-D-aspartate receptors, a subtype of Glu receptors, resulting in oxidative stress as a source of ROS. 63 In turn, increased ROS may also exacerbate subsequent excitotoxicity by decreasing the uptake capacity of Glu, inhibiting the activity of Gln synthase in the affected astrocytes, and cause neuronal cell death (Figure 3 ).
PQ Might Involve Dopamine Catabolism
PQ neurotoxicity may be associated with the oxidative pathway of dopamine catabolism. Kang et al. 64 found that PQ administration affected the pathway of dopamine catabolism in vivo, decreases in dopamine and homovanillic acid (HVA) concentrations, and no concentration change of 3,4-dihydroxyphenylacetic acid (DOPAC), but no explanation was provided. Dopamine catabolism can produce HVA through N-oxidative deamination by monoamine oxidase B to form 3,4-dihydroxyphenylacetaldehyde (DOPAL), which is subsequently oxidized by aldehyde dehydrogenase (ALDH) into DOPAC (Figure 4) . 65 Previous studies show that lipid peroxidation products potently inhibit ALDH to yield aberrant levels of DOPAL, which creates a reactive environment and causes protein modifications. 66 The cytotoxicity of DOPAL is implicated as one of the strongest in dopamine-derived metabolites. It is an endogenous neurotoxin and is considered as a factor in PD-related neuronal degeneration. 67 PQ-induced oxidative stress can cause the generation of lipid peroxidation products (such as malondialdehyde). 68, 69 Hence, we hypothesize that PQ exposure affects dopamine catabolism by inhibiting ALDH and elevating DOPAL levels. In this process, DOPAL might act as a neurotoxin causing damage and death of dopaminergic neurons.
PQ Induces α-Synuclein Aggregation
Genome-wide studies have identified genes encoding for α-synuclein as a key risk factor in the development of PD. The α-synuclein pre-synaptic protein is a component of LBs that acts as negative regulator of dopaminergic neurotransmission. PQ increases α-synuclein production and accelerates the rate of aggregate formation containing α-synuclein in the substantia nigra of mice. Overexpression of α-synuclein in transgenic mice protects against neurodegeneration induced by PQ. 18, 70 In vitro studies indicate that PQ markedly accelerates the formation of α-synuclein fibril in a dose-dependent fashion. 71 Kumar et al. 72 detected the formation protein radicals as an initiating mechanism in the aggregation α-synuclein. Moreover, NOX and inducible NOS were involved in ONOO − -mediated protein radical formation and subsequent neuronal death in the midbrains of PQ-and maneb-coexposed mice. These results implicate PQ-induced upregulation of α-synuclein and ROS production as likely mechanisms in various neurodegenerative disorders, including PD.
PQ Induces Autophagy
Autophagy is inferred to have an etiological association with neurodegenerative diseases. The reduction of cytoplasmic inclusions by autophagy may be a protective adaptation against neurodegenerative disease. Gonzalez-Polo et al. 73, 74 demonstrated that low concentration of PQ (10 μM) produced the characteristics of autophagy in neuroblastoma SH-SY5Y cells, such as degradation of oxidized proteins and damaged or dysfunctional cytoplasmic inclusions. They infer that PQ-treated cells triggered autophagy as a defense mechanism for neuronal survival. Inhibition of lysosomal hydrolases also increases PQ toxicity and autophagy protein 5-dependent autophagy acts as a protective mechanism in dopaminergic cells during apoptotic cell death induced by PQ. 75 Hence, it is thought that autophagy is not a type of cell death in this case. The inhibition of autophagy accelerates PQ-induced apoptosis, owing to insufficient clearance of cytoplasmic inclusions and dysfunctional mitochondria, finally to result in cells loss. 73, 74 Likewise, excessive activation of autophagy can result in neuronal death. PQ may trigger the activation of autophagy in neurons by creating an early endoplasmic reticulum stress response, which activates apoptosis signal-regulating kinase 1, a member of mitogenactivated protein kinase family. 76 The exact mechanism involved in PQ-induced autophagy and its relation with neuronal cells death or survival is not fully understood.
PQ Inactivates TH
TH is a rate-limiting enzyme in dopamine synthesis and its expression is decreased in relation to dopaminergic neurons loss. Exposure to MPTP, for example, causes the loss of TH activity, the impairment of dopamine synthesis, and decreased dopamine levels in the striatum. 77 Similarly, numbers of TH-positive neurons in the substantia nigra decrease markedly in mice receiving oral treatments of PQ. 78 It is inferred that PQ might inactivate TH by producing reactive nitrogen species and subsequently induce tyrosine nitration. For example, catalytic activity of TH is inhibited by exposure Figure 3 A schematic of PQ inducing excitotoxicity. PQ induces activation of NMDA receptor, resulting in increasing concentration of intracellular calcium and ROS generation, thus damaging mitochondria function, finally leading to neural apoptosis and death. In parallel, ROS exacerbates excitotoxicity through enhanced efflux of Glu from rich intracellular sites, inhibition of Glu uptake and Gln synthase activity. Figure 4 A schematic of the hypothesis that PQ affects dopamine catabolism. PQ-induced lipid peroxidation products inhibit ALDH activity, resulting in increasing concentration of DOPAL, which is a reactive endogenous neurotoxin and leads to death of dopaminergic neurons.
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X Zhang et al to ONOO − , which results in extensive tyrosine nitration. 79 The implication of PQ afflicting TH regulation in the pathophysiology of PD is an intriguing hypothesis that requires further studies.
PART II: ENVIRONMENTAL CONTEXT
The neurotoxic effects of PQ may be enhanced by synergistic interaction with other environmental contaminants, age or behaviour of individuals being exposed, and interrelated genetic factors. In humans, PQ can be absorbed by oral intake, inhalation, and bruised or irritated skin. Once absorbed through the skin, PQ is distributed to all areas of the body accumulating at varying concentrations. It tends to concentrate in the lungs, which is the reason that acute exposure to PQ causes pulmonary lesions in humans. 80 Clinical symptoms from direct exposure to PQ are well known. What is less understood is the impact from chronic low-dose exposure, which is the type of exposure that is hpothesized between PQ and PD. Some of the laboratorybased animal studies that were reviewed earlier may be testing PQ exposure at higher doses and over shorter terms than would be expected in natural occupational settings. Moreover, the intraperitoneal injection routes generally used for laboratory-based administration are unlikely to be experienced by actual pesticide users. One hypothesis we present in this context is that there are multiple avenues for chronic low-dose exposure of PQ through the environmental context.
The environment provides the critical context for understanding PQ exposure routes and potentials for duration of exposure in relation to human health. The environment is critically important for etiological investigation into the potential of PQ causing PD as o0.1% of pesticide field applications reach the intended target. 81 Moreover, as PQ is one of the most widely used herbicides in the world it is all the more important to understand its trajectory and effect after being released into the environment. A key problem for elucidating the etiology of PD and other neurodegenerative diseases in relation to pesticide exposure is that it is a multifactorial problem. 82 PQ Released in the Environment PQ is absorbed quickly by leaves of plants after it is applied by spraying. Once in the leaf, it competes with and accepts electrons from photosystem I, which inhibits photosynthesis. PQ does not affect all plants equally. Bark inhibits entry so it does not kill larger plants having secondary growth. It does not kill roots or rhizomes, 8 but there can be uptake of PQ through the soil by some plant roots. 83 Slade 84 concluded that PQ moves through the xylem toward the roots of plants with only minor residues ('on the order of 0.06 ppm') being detected in harvested tubers. Metabolic degradation of PQ does not occur in the plant itself and photochemically degraded products also go undetected. It is also toxic to soil bacteria and fungi. 85 
PQ Degradation
Ultraviolet light and sunlight degrades PQ into six organic intermediate products with complete degradation after 12 h of irradiation. It completely mineralizes (H 2 O+CO 2 + NH 4 +/NO 3 − ) within a few hours of coming into contact with air. 86, 87 However, the photocatyltic process also requires the presence of oxygen. 88 Early studies indicated minimal environmental impact to aquatic ecosystems and only shortterm persistence in the water column, but long-term persistence (364 days) in the soil; 89 half-lives of PQ from 16 months up to 13 years have been reported. 81, 90 PQ is strongly absorbed onto clay particles where it becomes inactive. 84 For example, vegetation can germinate normally when grown in soil contaminated with PQ residue. 89 However, the retention, degradation, and mobility of PQ within soil is dependent upon a number of biochemical and physical factors in the soil itself, namely pH and ionic strength. 91 Microbial degradation of PQ is also involved in the lifespan, mobility, and potential environmental impacts of PQ. 85 Furthermore, some of the photocatalytic degradation products may be genotoxic. 88 Environmental Mobility of PQ The fact that PQ is rapidly and strongly bound to clays and soil organic matter with minimal leaching has been the basis for the conclusion that it is relatively inert after its use and application. 8, 81, 92 However, the solubility, mobility, and environmental chemistry of PQ is dependent upon the types of soils in the receiving environment and the associated chemistry of the soil, as it can compete with other cations raising the risk of contamination by release of other metals. 91, 93 The level of PQ absorption into soils also tends to decrease as the ratio of soil to water increases. 83 Although PQ becomes tightly bound to clay particles and rapidly degrades when exposed to light, it is soluble and can remain active and mobile in water. 94 The solubility of PQ increases risk of water contamination.
PQ has been detected in surface water, drinking water, and in food supplies. [94] [95] [96] For example, concentrations of PQ ranging from 4.0 µg/l to 87.0 µg/l occur in ground and surface water in Spain and Thailand. 94 Water is a vector for exposure, sorption, and bio-accumulation within the tissues of aquatic organisms. Exposure to PQ induces stress and mortality on some species of fish, amphibians, earthworms, and other organisms. [96] [97] [98] [99] [100] [101] Ghose et al. 102 list PQ as one of the most toxic herbicides for amphibians, which is a serious ecotoxicological concern in relation to global and precipitous declines in this class of vertebrates. Studies into the exposure and response to PQ in fish, amphibians, and insects demonstrate the process whereby the ROS induce a physiological response of increasing antioxidant enzymes; 97 this is an example of the comparative method revealing ROS physiological response in other lineages. Although environmental stress is a concern, the accumulation of PQ into the tissues of organisms may present another vector for exposure.
PQ in Animal Tissues
The United States Environmental Protection Agency reported on a number of experiments on administering PQ and following the trajectory along with secondary compounds, which accumulated in the tissues of farm animals (cows, goats, pigs, and poultry) and rats. Although a large percentage of PQ is excreted through the feces, PQ residues accumulate in the animal tissues. 103 International food markets make use of many different types of exotic meats, such as reptiles and amphibians, where little is known on the sorption of PQ. There may be a risk of trophic accumulation of PQ owing to its accumulation in animal tissues, 96 which could also add to its mobility through ecosystems and possibly back into human populations via food markers. 104 Multifactorial Cause Like others, [105] [106] [107] we conclude that the relationship between PQ and PD is a multifactorial problem. This requires a different theoretical and methodological approach for experimentation and understanding of PQ exposure and its involvement with PD. It is questionable if the genetic and environmental conditions necessary to test the multifactorial hypothesis of PD via PQ exposure can be wholly accomplished by simple animal model experimentation. However, all available relevant evidence must be taken into consideration. 108 Innovative laboratory methods may be used to recreate the conditions identified in the field, such as use of different genetic strains, head trauma-related risk, and variations on long-term low-dose exposure through varied exposure routes. A key conclusion that can be reached from the multitude of investigations into the relations between PD and its causes is that the research is made more complex by the multiplicative environmental and genetic factors that are involved. 109, 110 Combination of exposure to multiple environmental pollutants also needs to be factored into the multifactorial experimental process.
Synergistic Effects
Combined exposure of PQ with other substances creates a synergistic effect and induces a full range of PD clinical features in animal models. For example, combined exposure of PQ with maneb decreases expression of striatum TH, alters states in the dopaminergic neurons transporter, alters motor activity, increases dopamine accumulation in the synaptosome, and alters dopamine levels and metabolites in the striatum. 111 The combined effect of PQ and maneb is evident even among people having residences near fields that have been treated. 112 A particular risk is also identified by exposure to a combination of PQ and maneb when exposed at a younger age. 22 Organophosphates, which can be combined with PQ (eg, organophosphate PQ is produced commercially Gramoxone), are also implicated in increasing risk of PD. 113, 114 There may also exist a positive association between fungicide benomyl and the risk of developing PD. 115, 116 Likewise, Mangano and Hayley 117 found that inflammatory priming of the dopamine neurons with an inflammatory agent altered the effects of PQ exposure.
Genetic Factors
Genetic factors are importantly implicated in the multiplicative pathology of PD. 109 The combined effect of PQ, maneb, and genetics (DAT locus variants) increases risk of PD incidence three-to fourfold, whereas the same adverse effect was not identified when PQ or maneb were used in isolation. 118, 119 In human populations, individuals with homozygous deletions of the genes encoding glutathione S-transferase T1 also might be at high risk of developing PD from PQ. 106 Genes that have been identified and implicated in changing the susceptibility of developing PD include those that encode for a-synuclein, parkin, and dardarin; 120 Parkinmediated TNF-α receptor-associated factor 2/6 suppression is also differentially expressed in human PD tissues and applicable to apoptotic pathways. 121 Shulman et al. 122 provide a comprehensive review many of PD and genetics.
Human Exposure to PQ PQ is used in over 130 countries worldwide, including China, Japan, Africa, Malaysia, South America, and India. There is a large number of PQ deaths involving suicide by lethal ingestion, 123 but occupational associated ailments and mortality are also known to occur 124 with rates varying by nation and associated demographics. For example, respiratory problems (chronic cough or dyspnea, breathlessness, and wheezing) are associated with dose-dependent and increasing length of exposure to PQ through its applied use in agriculture. 125 The lethal aspect to PQ has led to stringent regulations in 430 countries worldwide. 124 For example, PQ is banned in the European Union since 2007 and currently under restricted use in the United States. Nonetheless, PQ continues to be used extensively and its rate of use is rising in developing countries as demographics are changing from rural to urban and demands on agriculture are increasing as population numbers go up.
Although proper use of personal protective equipment (PPE) leads to a reduction in the measured incidence of PD associated with use of PQ 126 there is a dilemma 127 whereby education for safe application may be lacking, funds may be unavailable or cultural differences may even discourage the use of PPE in developing countries. Although high-dose PQ exposure is not a likely cause of PD, 128, 129 there may be a causal relationship between PQ and PD through chronic low-dose exposure. The environmental context presents this type of scenario, but more research is needed to understand the avenues for exposure that are introduced in this review.
Risk of Developing PD with PQ Exposure
Concern over potential relations between PQ and increasing incidence of PD received greater attention following publication of a research in the 1990s that looked into 120 cases of PD in Taiwan and identified increasing risk and incidence of PD that corresponded to increasing duration of PQ exposure.
If no relation exists between PD and PQ exposure, then zero rise in incidence of PD would be expected in areas where it is being used. However, a 4.7-fold increase in PD by PQ exposure and 6 × increased risk for individuals exposed to PQ for 420 years was identified. 130 In 2013, a meta-analysis from 104 prospective cohort and case-control studies supported previous findings that exposure to pesticides was a risk factor for developing PD, and PQ exposure was associated with about twofold increase in risk of PD. 131 Exposure to PQ within 500 m of the home increased PD risk by 75% (CI: 1.13-2.73). 132 Lee et al. 133 reported that the risk of developing PD was threefold higher in individuals exposed to PQ who suffered traumatic brain injury.
CLOSING
The synthesized review of research into PQ and PD relations identifies PQ as a strong oxidative stress inducer that participates in the formation of ROS. The pathogenesis of PQ-induced PD is a multifactorial problem involving chronic low-dose exposure, oxidative injury by inducing the increased production of ROS in the mitochondria. This process causes loss of dopaminergic neurons in animal models through a number of biochemical pathways that we have identified and hypothesized in our review (Figures 2,3,4) . α-synuclein aggregation formation, abnormality of dopamine catabolism, and autophagy can directly or indirectly contribute to the pathogenesis of PD in relation to PQ under exacerbated conditions of oxidative stress. The production of O 2 − · via redox cycling in the neurons is inferred as a the key mechanism in our hypotheses, implicating PQ as a redox active compound that can eventually cause apoptosis of dopaminergic cells.
Like Goldman, 134 our review identifies consistency among studies that span the gambit of investigations into cellular processes, model organisms, and human populations in context of PD pathogenesis. The multifactorial approach is essential for understanding this problem. Future experimental and inferential development of this theory may be delayed without applicable tests. The significance of meta-analysis indicating higher incidence of PD development in areas subject to PQ exposure (eg, farmland and use in undeveloped nations) requires explanation. The environmental context to PQ shows that environmental chemistry, human demographics, genetics and other factors, such as the use of PPE, all have a role to play in relation to human health and the experimental process for testing PQ to PD relations.
The synergism of effect from exposure to multiple environmental agents of magnifies the complexity of analysis, but it also puts populations at greater risk. For example, PQ interaction with other metals in soils 91, 93 may be an overlooked factor as metals and other environmental agents are known to cause nigrostriatal damage. 120 The mobility and persistence of PQ through ecosystems may introduce small yet persistent modes of exposure, which is consistent with the hypothesis of developing PD through exposure to PQ. Exposure in specific relation to food intake, exposure by water, and under varied environmental conditions where the spatial and temporal demographics of use, water, and soil chemistry requires greater levels of analytical scrutiny to better match environmental conditions to laboratory test.
The physiological science involving laboratory animals, the biochemical hypotheses we reviewed in this paper, and the etiological studies identifying higher probabilities of developing PD following exposure to PQ provides sufficient and necessary evidence to expand the research and solve this problem. However, the environmental context needs to better integrated into the laboratory and vice versa. We suggest expansion of laboratory investigation to match the environmental context and to test animal models, farm animals, or captured wild animals that have been subject to PQ exposure in the environment where PD prevalence has been previously noted concurrent with investigation into the human population. Furthermore, a population-based approach is required where the genetics, expression of phenotype, and ecotoxicology is investigated with an expectation of regional variation in expression of the Parkinsonism phenotype and cultural differences are taken into account, such as different standards of safety for wearing appropriate PPE. Knowing the full extent, rate, and concentration of PQ exposure through multiple routes will improve on experimental procedures into this evasive problem.
